An important mechanism for large-scale interactions between cortical areas involves coupling between the phase and the amplitude of different brain rhythms. Could basal ganglia disease disrupt this mechanism? We answered this question by analysis of local field potentials recorded from the primary motor cortex (M1) arm area in patients undergoing neurosurgery. In Parkinson disease, coupling between β-phase (13-30 Hz) and γ-amplitude (50-200 Hz) in M1 is exaggerated compared with patients with craniocervical dystonia and humans without a movement disorder. Excessive coupling may be reduced by therapeutic subthalamic nucleus stimulation. Peaks in M1 γ-amplitude are coupled to, and precede, the subthalamic nucleus β-trough. The results prompt a model of the basal ganglia-cortical circuit in Parkinson disease incorporating phase-amplitude interactions and abnormal corticosubthalamic feedback and suggest that M1 local field potentials could be used as a control signal for automated programming of basal ganglia stimulators.
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electrocorticography | cross-frequency coupling N euronal oscillations, reflecting the synchronized activity of neuronal ensembles, may play an important role in motor and cognitive function. Oscillations may be coupled such that the amplitude of high-frequency activity occurs at a particular phase of a low-frequency rhythm. This phase-amplitude coupling has been observed in several areas of the brain, including the hippocampus, the basal ganglia, and the neocortex (1) (2) (3) (4) (5) (6) (7) (8) (9) . In neocortex, coupling often occurs between the amplitude of broadband-γ activity (50-200 Hz) and the phase of a variety of low-frequency rhythms, especially δ (5), θ (7, 10, 11) , and α (2, 10, 12, 13). The magnitude, preferred phase, and exact frequency bands involved in phaseamplitude coupling are modulated dynamically and with anatomic specificity during performance of a variety of cognitive and sensory tasks (14) .
Given its diverse roles in cortical function, there is interest in the possible role of aberrant cross-frequency coupling in neurologic disorders. For example, abnormal synchronization of β-and γ-band activity has been observed in schizophrenia (15) . In Parkinson disease (PD), there is mounting evidence for pathological β-band (13-30 Hz) neuronal synchronization in the basal ganglia (16) ; however, the effects of aberrant basal ganglia activity on cortical function are not fully understood. We hypothesized that, in PD, basal ganglia disease produces abnormal coupling between the phase of the β-rhythm and the amplitude of broadband-γ activity in motorcontrolling cortical areas. We tested this hypothesis using a unique approach, adapting the technique of subdural electrocorticography (ECoG) to record local field potentials (LFPs) from primary motor cortex (M1) in patients undergoing deep brain stimulator implantation in the awake state. This technique allowed us to overcome the limitations of the other techniques usually used to investigate cortical oscillatory activity in patients with movement disorders, such as poor source localization (scalp electroencephalography), low signal amplitude with susceptibility to artifact (scalp electroencephalography and magnetoencephalography), and poor temporal resolution (functional MRI). We found excessive β-phasebroadband-γ amplitude coupling in the motor cortex of PD patients compared with subjects with a different movement disorder (primary craniocervical dystonia) and subjects without a movement disorder (patients with medically intractable epilepsy undergoing invasive monitoring). In addition, aberrant coupling was observed between the subthalamic nucleus (STN) and M1 LFPs in PD, and therapeutic deep brain stimulation can reduce abnormal cortical coupling. These findings suggest that aberrant cortical cross-frequency coupling may represent an important mechanism by which abnormal basal ganglia activity disrupts cortical function and impairs normal movement.
Results
We studied 25 subjects with movement disorders (16 PD and 9 primary craniocervical dystonia) undergoing STN deep brain stimulator placement and 9 subjects with epilepsy undergoing invasive monitoring with implanted subcortical grids. Patient clinical characteristics are provided in Table S1 . Cortical LFPs were recorded in all subjects, and STN LFPs were recorded in 15 PD patients and 7 of 9 dystonia patients. In all cases, the subdural electrodes covered the arm area of sensorimotor cortex ( Fig. S1 and Table S2 ).
Characteristics of Cortical Phase-Amplitude Coupling in PD. Spectral analyses revealed a peak of oscillatory activity in the β-range (13-30 Hz) in the power spectrum of each patient in all disease states (16) . The mean log β-power (13-30 Hz) in M1 did not differ between patient groups (Fig. S2A ) (Kruskal-Wallis test, P = 0.19; PD = 1.7 ± 0.5, dystonia = 1.3 ± 0.5, epilepsy = 1.5 ± 0.4, mean ± SD) (17) , motivating a search for more sensitive measures of neuronal synchronization (e.g., a relationship between β-oscillations and population spiking as reflected in broadband-γ activity). Fig. 1A illustrates the relationship between β-phase and broadband-γ M1 LFP amplitude for an individual PD patient in an alert resting state (patient PD-8). M1 LFP signals were filtered at different frequencies and aligned on the trough of the β-rhythm (13-30 Hz) (6) . Visual inspection of this time-frequency plot revealed an increase in broadband-γ power at the trough of the β-oscillation. β-Phase modulation of signal amplitude is seen over amplitude frequencies from 40 to 400 Hz. Fig.  1B shows the index of M1 phase-amplitude coupling computed for the same PD patient over a broad range of frequencies for both phase and amplitude (using a Kullback-Liebler-based mod-ulation index expressed as a z score) (6) . In this plot, the value of each (x,y) coordinate represents the strength of coupling between the phase of the x frequency and the amplitude of the y frequency. A strong interaction between the phase of the β-rhythm and the amplitude of γ-activity (50-300 Hz) can be observed (warmest color on each graph). Similar patterns of significant cross-frequency coupling (z score > 4.5 for at least one combination of phase and amplitude) were observed in all PD patients ( Fig. S2 B and C) . To investigate the cortical localization of coupling, composite modulation index plots were constructed for three contact pairs selected based on their positions relative to central sulcus (CS); the pre-CS, CS, and post-CS pairs. The plots show the average modulation index at each frequency across all PD patients (Fig. 1C) . Phase-amplitude coupling was the strongest for electrode pairs that have at least one contact over the precentral gyrus. For subsequent grouped analyses in Figs. 2 and 3 , either the pre-CS or CS contact pairs were used, depending on which of the two showed the highest phase-amplitude coupling.
Motor Cortex Phase-Amplitude Coupling Is Exaggerated in PD. Averaged M1 modulation index (MI) plots for all patients in each disease group in the alert resting state are shown in Fig. 2A . For statistical comparison between groups, the MI of each patient was averaged across the β-band (frequency for phase = 13-30 Hz; frequency for amplitude = 50-200 Hz). The range of frequencies used in averaging is indicated by the white dotted box in Fig. 2A , Left; this average was called the MI mean. Given the nonnormal distribution of individual subject MI means (P < 0.001 Kolmogorov-Smirnov test), the Kruskal-Wallis test was used to quantify the difference in coupling between diseases (Fig.  2B) . The magnitude of β-phase-broadband-γ amplitude coupling was much greater in PD patients than subjects with craniocervical dystonia or subjects without a movement disorder (PD = 14.8 ± 10.5, dystonia = 1.2 ± 1.4, epilepsy = 2.0 ± 2.1, mean ± SD; P < 0.001 for Kruskal-Wallis test; P = 0.001 for PD vs. dystonia and P = 0.002 for PD vs. epilepsy). MI plots for each individual subject are provided in Fig. S2 B-D. Phase-amplitude coupling observed in dystonia and epilepsy patients was not only smaller but occurred at lower frequencies for phase (PD = 23.1 ± 5.5 Hz, dystonia = 15.3 ± 5.8 Hz, epilepsy = 14.4 ± 6.5 Hz, mean ± SD; P = 0.004 for Kruskal-Wallis test; P = 0.03 for PD vs. dystonia and P = 0.016 for PD vs. epilepsy) as well as a narrower range of phase frequencies. Characteristics of phase-amplitude coupling observed in PD patients are provided in Table S3 . Several computational methods are available to quantify phase-amplitude coupling, and several methods are available to rereference the LFP recordings. However, exaggerated cortical phase-amplitude coupling in PD was invariant to the choice of computational or contact referencing method ( Fig. S3 A-E). Because LFPs in epilepsy patients were recorded from large cortical grids, several contacts covering M1 were available for study, but the findings were invariant to the exact method used to select the M1 contact ( We also compared phase-amplitude coupling between subject groups during performance of a simple flexion/extension elbow movement task (Fig. 2C) . Although the magnitude of phaseamplitude coupling was decreased during the task compared with rest, excessive phase-amplitude coupling during the task in the Parkinsonian state was evident compared with dystonia and epilepsy subjects (Fig. 2D ) (PD = 6.2 ± 5.9, dystonia = 1.6 ± 3.1, epilepsy = 0.2 ± 0.03, mean ± SD; P = 0.006 for Kruskal-Wallace test; P = 0.01 for PD vs. dystonia and P = 0.05 for PD vs. epilepsy). All subjects were asked to make slow movements that were within the capability of patients with PD, such that movement kinematics during task performance were similar across all groups (KruskalWallis test, P = 0.7; angular velocity mean ± SD; PD = 0.81 ± 0.27, dystonia = 0.70 ± 0.2, epilepsy = 0.75 ± 0.2).
Cortical Driving of Basal Ganglia β-Oscillations. Because PD is associated with abnormal neuronal activity in the cortical basal ganglia networks, we investigated the interactions between M1 and STN. Individual examples of STN and M1 signals recorded in a PD patient and their respective log power spectral densities as well as the coherence and temporal correlation of β-power fluctuations between both signals are shown in Fig. 3 A and B. Analysis of cross-structure phase-amplitude coupling revealed an increase of M1 LFP γ-power occurring at a preferred phase of the STN β-rhythm (13-30 Hz) (Fig. 3C) . MI plots for STN-M1 coupling are shown in Fig. 3D (individual PD example) and Fig.  3E (composite plots for all PD and dystonia patients). Crossstructure phase-amplitude coupling was stronger in PD than dystonia (PD = 2.9 ± 2.7, dystonia = 0.1 ± 0.4, mean ± SD, Kruskal-Wallis test, P = 0.003) (Fig. 3F and Table S3 ). A significant coupling (z score > 4.5) between STN β-phase and M1 γ-amplitude was found in 11 of 15 PD patients but only 2 of 7 dystonia patients.
In PD, the strongest cortical modulation preceded the STN β-trough by 59 ± 19 ms (mean ± SD; P < 0.001 for difference from zero, sign test) (black dashed line in Fig. 3C ). The finding that the strongest cortical γ-modulation preceded the STN was invariant to the contact referencing method used in STN (Fig. S3 H and I) . Furthermore, cross-correlation of β-power fluctuations (illustrated in Fig. 3B ) revealed a mean lag time between STN and cortex (over all recordings in PD) of 37.1 ± 26.8 ms, further underscoring the finding that cortical LFP changes precede changes in STN.
Given the strong coupling between M1 β-phase and M1 broadband-γ amplitude, any other brain structure that oscillates coherently with M1 in the β-range would have a statistical relationship between its β-phase and the M1 broadband-γ amplitude without implying a causal connection. However, the magnitude of the STN-M1 coherence did not correlate with the magnitude of the STN phase-M1 amplitude coupling (mean MI, P = 0.13; maximum MI, P = 0.22). In addition, there was no significant difference between the mean STN-M1 LFP β-band transformed coherence of PD and dystonia patients, despite the fact that PD patients had much greater cross-structure phase-amplitude coupling (Fig. 3G ). There was minimal coupling between the phase of M1 LFPs and the amplitude of STN LFPs, showing strong asymmetry in M1-STN phase-amplitude interactions.
STN Phase-STN Amplitude Coupling. Phase-amplitude coupling was also computed using the phase and amplitude of STN LFPs. In eight PD patients, we found a significant interaction between the phase of the β-rhythm and the amplitude of a relatively narrowband high-frequency oscillation (HFO) at >200 Hz (Fig. S4) , which has previously been described (18, 19) . This pattern of STN-STN phase-amplitude coupling is distinct from β-phasebroadband-γ coupling in that the amplitude frequency over which coupling occurs is both high and narrowband.
Effect of Therapeutic STN Deep Brain Stimulation on Cortical PhaseAmplitude Coupling. In two PD patients, we were able to study acute effects of therapeutic subthalamic deep brain stimulation (DBS) before, during, and after DBS (Fig. 4) . Examples of cortical LFPs and their respective power spectral density are shown in Fig. 4A . The stimulation artifact was small compared with the biological signal, probably related to the distance between the stimulation and recording sites and the use of bipolar montages. DBS reversibly suppressed exaggerated cortical phase-amplitude coupling (Fig. 4 B and C) . In each example, the suppression of coupling by DBS was partially washed out by 4-5 min poststimulation. The exact time for washin and washout of the DBS effect varied, precluding systematic study of the effect in all subjects because of the time constraints of acute intraoperative recording.
Discussion
In this study, we performed invasive cortical LFP recordings in humans undergoing movement disorders surgery to determine whether rigid-akinetic PD can affect phase-amplitude interactions in the arm area of motor cortex. Similar recordings were obtained in patients with primary craniocervical dystonia who had normal arm function and during the interictal state in epilepsy patients undergoing ECoG for identification of epileptic foci. In addition, simultaneous recordings of cortical and basal ganglia LFPs were performed in patients with movement disorders to study crossstructure, cross-frequency interactions. We had four findings. Coupling between the phase of lowfrequency rhythms and the amplitude of high-frequency activity is thought to be a ubiquitous mechanism for the control of many cognitive functions, such as memory, learning, and attention (2, (6) (7) (8) (9) 20) . The higher-frequency activity (with amplitude that is phasemodulated) may itself be restricted to a relatively narrow-frequency range, or it may involve a very broad spectral band often referred to as broadband-γ (21). The cortical phase-amplitude coupling observed here was of the latter type, consistent with prior studies of interictal LFPs recorded from frontoparietal cortical regions in humans with epilepsy undergoing ECoG (7, 22, 23) . Cortical broadband-γ spectral power increases in specific brain areas during performance of motor, visual, language, or cognitive tasks, is correlated with augmentation of the blood-oxygen leveldependent signal measured on functional MRI (24) , and is thought to reflect underlying asynchronous spiking activity (25, 26) . In the normal state, the modulation of broadband-γ activity by the phase of low-frequency rhythms is highly dynamic and taskand site-specific (13, 14, 23) . Excessive M1 phase-amplitude coupling in PD may reflect a pathological state in which the cortex is restricted to a monotonous pattern of coupling, rendering it less able to respond dynamically to signals from other cortical regions, such as frontal executive areas involved in internally directed movement. Thus, phase locking of cortical broadband-γ activity could be the basis for akinesia, the most fundamental clinical manifestation of PD. Furthermore, because therapeutic DBS can reversibly reduce the strength of the phase-amplitude interaction on a time scale of minutes, the magnitude of cortical phase-amplitude coupling could be used as a control signal for closed-loop therapeutic deep brain stimulation. The ability to detect this signal by a chronic subdural electrode that does not penetrate the cortex has a major advantage over closed-loop paradigms that depend on spike detection (27) . increased synchronization of basal ganglia neurons in the β-frequency range. Simultaneously recorded basal ganglia action potentials are excessively synchronized in the parkinsonian state (28, 29) . Basal ganglia spiking in PD is synchronized with the β-phase of STN LFPs (30) , and this synchronization is also true of rodent models of parkinsonism (31) . Synchronization of basal ganglia spiking is likely to promote a pattern of spike timing in their target cortical areas, in which the probability of spike or spike train occurrence varies rhythmically (27, 32, 33) . In cortical LFP recordings, these cortical action potentials are probably detected as a contributor to broadband-γ spectral power (25, 26) and thus, manifested as exaggerated coupling of β-phase to broadband-γ activity, which was observed here.
Circuit Model Emphasizing the Role of Cortical Feedback. The temporal dynamics revealed by simultaneous STN and cortical LFP recordings have implications for the origin of basal ganglia oscillations in PD. Most modeling and experimental work on the origin of excessive basal ganglia β-synchrony has emphasized intrastriatal circuitry (34) or network interactions between intrinsic basal ganglia nuclei, especially STN and external globus pallidus (GPe) (35, 36) . Here, by time-averaging cortical activity with respect to the trough of STN β-oscillations, we show that β-modulated waves of cortical broadband-γ precede the STN β-trough by 40-60 ms ( Fig.  3C and Fig. S3H ), suggesting an important role for cortical feedback in maintaining pathological basal ganglia oscillations. A circuit model based on these finding is shown in Fig. 5 . Excessive phasic modulation of M1 broadband-γ activity is ideally suited to drive STN activity, because strong phasic inputs to STN are likely to drive STN spiking more efficiently than an asynchronous increase in corticosubthalamic activity (36) (37) (38) . With its emphasis on increased phasic corticosubthalamic driving, our model is consistent with recent theoretical work that emphasizes the imbalance between the corticosubthalamic pathway (hyperdirect pathway) and the intrinsic basal ganglia direct pathway in establishing pathological oscillatory activity (39) . In addition, it is supported by recent evidence that STN stimulation antidromically modifies the firing probability of cortical neurons in rodents (33) . Optogenetic dissection of basal ganglia pathways in mice also indicates a critical role for the corticosubthalamic pathway in the pathophysiology of Parkinsonism (40) and its successful therapy.
STN Phase-STN Amplitude Coupling Involved Different Frequency
Components than Cortical Coupling. Several recent studies have shown phase-amplitude coupling in the STN of PD patients using LFP recordings from externalized STN DBS electrodes several days after surgical implantation (18, 19) . Unlike the β-phase-broadband-γ amplitude pattern of cross-frequency coupling that we observed in M1 in this study, in STN, the β-phase-modulated high-frequency activity was a narrowband, very HFO (in the range of 250-350 Hz). Here, we found a similar pattern of HFO coupling in the STN in eight PD patients. The physiological origins of cortical broadband-γ and STN narrowband HFO oscillations are likely different; although the former arises from summed asynchronous spiking activity in neurons with low mean discharge rate, the latter may arise from the organization of STN spikes into synchronized bursts with a very short (3-4 ms) interspike interval within the bursts.
Limitations. Because of the temporal restrictions of human intraoperative studies, we sampled only one brief time epoch (30 s) at limited spatial locations in the off-medication state only. Studies of interictal LFPs in humans with epilepsy recorded with larger 128-channels grids show that, normally, phase-amplitude coupling is present only in a small sample of recordings, and slight changes in behavioral state affect the location and timing of coupling (7, 10, 12, 13) . Here, we typically had only one contact covering M1 of movement disorder patients, and we recorded from only a single bipolar pair in STN. Thus, the absence of crossstructure, cross-frequency coupling in 30% of PD patients may be related to low spatial sampling in both structures.
The range of symptom severity in the PD group was small, because mildly affected patients do not undergo DBS implantation; also, the most severely affected patients are less able to cooperate with intraoperative research. This narrow range of symptom severity in our PD patients may explain the absence of correlation between cortical phase-amplitude coupling and disease severity (Fig. S5) . Because the dystonia patients had cranial or craniocervical involvement without major arm involvement, it is possible that patients with more generalized dystonia, with arm involvement, could also have abnormal phase-amplitude coupling in arm-related cortical areas. We cannot exclude the possibility that our results reflect compensatory mechanisms in the setting of long disease duration, effects of chronic medication use, or effects of acute medication withdrawal rather than primary mechanisms. However, the strong phase-amplitude coupling in patients who had not been on levodopa therapy for more than 6 mo (Fig. S6) suggests that the findings may be independent of medication use.
Conclusions
PD is characterized by exaggerated coupling between M1 β-phase and broadband-γ amplitude. This excessive coupling is likely to be a cortical manifestation of excessive synchronization in the basal ganglia-thalamocortical circuit, and it may be related to motor dysfunction in PD. Phase-amplitude coupling can be reversibly reduced by therapeutic deep brain stimulation and therefore, could serve as a useful signal for feedback control of implanted devices. The normal corticostriatal circuitry acts as a low-pass filter with significant β-band attenuation, but the dopamine-denervated striatum produces less β-attenuation (43, 44) . Part 3: In the Parkinsonian state, STN and internal globus pallidus (GPi) neurons have excessively synchronized activity in the β-band because of the change in the striatal filter. Part 4: In the Parkinsonian state, excessively coherent basal ganglia β-band neuronal discharge drives M1 to have abnormally increased coupling between β-phase and broadband-γ amplitude. This aberrant coupling, in turn, further strengthens STN β-synchrony and excessive STN firing rate through the hyperdirect corticosubthalamic pathway (green curved arrow) (36-38).
Methods
We studied 25 subjects with movement disorders, 16 PD and 9 primary craniocervical dystonia patients, undergoing STN deep brain stimulator placement. To provide a comparison group of humans without basal ganglia disease, we studied nine subjects with medically intractable epilepsy undergoing invasive monitoring with implanted subcortical grids. Patient clinical characteristics are shown in Table S1 . In PD and dystonia patients, cortical LFPs were recorded intraoperatively using a six-contact subdural ECoG strip placed over the primary motor cortex. In epilepsy patients, cortical LFPs were recorded 4-6 d after the surgery using subdural grid arrays covering perirolandic cortex. In all cases, the subdural electrodes covered the arm area of sensorimotor cortex (Table S3) . Placement of subdural recording electrodes and STN DBS electrodes is illustrated in Fig. S1 . Cortical LFPs were recorded while patients were resting and performing an alternating stop/move task during which they move the arm for 3-5 s and stop the movement for 3-5 s. In 22 patients with movement disorders, STN LFPs were recorded using the DBS electrode. To investigate the effect of STN deep brain stimulation, cortical LFPs were recorded while STN was stimulated. We investigated phaseamplitude coupling within M1 (all subjects), within STN (PD and dystonia patients), and between those two structures (PD and dystonia subjects). All patients gave their written informed consent to participate in this study under a protocol approved by the Institutional Review Board. A detailed description of the methods is provided in SI Methods.
